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CHAPTER 36 

Dendritic Cell-derived Exosomes: 
Potent Immunogenic CelMree Vaccines 

Laurence Zitvoger, Armelle Regnault^, Anne Lozier' 
Graga Raposo^ and Sebastian Amigorena^ 

Laboratoire d'Immunologie Cellulaire, Departement de Biologie Cliniaue 



[NTRODUCnON 

MIIC (MHC cla.ss Il-ennched compartment), that hiirbors newly synthesized MHC 
class 11 molecules m transit to the plasma membraiie (Nijman. 1995; Klcijmeer, 1995) 
MI C have lysosomal characteristics (they are acidic and bear lysosomal marke^^ 

neS h' t^'?''' T'^r'^'^ ''^-olved in antigen processing a ad 

peptide bandmg to class II molecules. However, functionally different subclasses of 
hnH '?;i^Lf'^'=°™P^5S'''« membrane sheet and/or internal vesicle (miUtivesicular 
bodies, MVB) contaming compartments. Ullrastruciural studies of EBV-transfomied 
B ceUs demonstrate that multivesicular bodies are exocytic compartments in that 
their limiting external membrane, can fuse with the plasma membrane resulting in the 
release, mto the extracellular raiLeu, of their internal vesicular content. The externalized 
vesicles, termed exosomes. cany in their membrane MHC class IT molecules with 
Iheir peptidcbindmg domain oriented toward the extracellular milieu. During their 
formation, internal vesicles arise from the budding of a portion of the outer endo- 
somal membrane toward the endosomal lumen (Raposo et al 1997- Fio n These 
MHC Class TI molecules are functional and induce antigen-si;ecific MHC class II- 

riTnooL tt^'?" ^'^'P"'" " '^^^^ Interestingly. Kleijmeer 

era/. (1998) reported that MHC class I molecules colocalize with MHC class II 
and^letraspamn molecules in the external membrane and internal vesicles of these 

We now show that dendritic cells (DC) secrete antigen-presenting vesicles in a recu- 
lated manner Importantly, tumor peptide pulsed DC-derived exosomes mediate potent 
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Jf^UtSiSrvr^^^^^^^^^^ ^ antioen-presanting ce„s. 

some-related late endocytic companmente the Mi^ffl ^ ''^^^l " '"^'^cules resids in lyso- 
compartments and/or r^uZS^rToSmsTm^^^^^^ '".^'^'^'"e'l-^-contalning 
cytic and the exocytic pathwavs At the a Pr^nn ™- '^P'^.^^"* a,"'Beting pornt between the endo- 

vesicles. The internal vesicles SfZ MVBTre S^^ "'^'5'?- S0-90n'r, 

membrane into the endosomal lumerDu in Ap^l ni„T '"'^'"u"^ °* ' "'^'^^ limiting 
membrane proteins are saques tere^in rrintSnaS^ T''" "^l '"t^^'""""^' -"ilieu, some 
membrane of the MVB. The external membJaS whereas others remain in the limiting 

the exocytosis of the internal mS a^cS^^Lm t^^^^ P'"""^ membrane, resulting in 

Gdgi network. ^''"onies, into the extracellular milieu. TGN. trans- 



numerous internal vesicles (multivesicular IVIIIC) rweTas MiTr h i , 

monocyte-derived (MD)-DC generated in iL-4 + GM 7 m h 

lar MIIC express MHC class^ rnoJluZittoTefl! m^^^^^^ 

iound in the external .einbrane of the endosoL nd\ie irflulna 6 ij^^^^^ 

oTass ^"/^'^r^^ ^ompanments were nof lab I^^^^h am^^^^^^ 

class I anubodies (not shown). In contrast to CD63 (Mcizelaar, 1991) or CDS ? 

rjy^ cjdss 1 ana Class n-containing compartments were often obsei-ved 
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Dendritic cell-derived exosomes 645 

in close apposition lo the cell surface, suggesUng their direct fusion with r.u. 
membrane (ZJtvogei et oL 1998). with this poS b 60 Snm v 7' 

were often observed Cose to the outer side of xhc plas4 tSkl ^es 
were abundantly labeled with anti-MHC class T and IT CD63 nnH rnS 
antibodies Tl^erefore. 60-90tun vesicles, bearing tSe ^r^^'l^^t ^"^^ S^^, 
;:;t^C.'""''"^'"'" ^^^^ (^1- ^ class II. CD63. CDs'^a" I^^Xl 

Thwe vesicles were isolated from DC culture supematants followins difTerenii^i) 
u tracentnfagation (Raposo et al., 1996) and analyzed by whotTo fnt imm^^^^^ 
electron m.cro^opy. A homogeneous population of vesicles of 60-9oTr^ Zmcte 
was observed (Fig. 2, lower panel). Like the vesicles from the exocyuc pr'fi^ ove 
95% ot these vesicles were labeled with the anti-CD63 and anti.CD82 anSes n 
wen as with anti-MI-IC class I and class II antibodies (not shown) 

Similar vesicles were obsei-ved in the supeniatants of mouse DC. We used the well- 
charactenzed growth factor-dependent Dl DC line (Winder a/.. 199 ) andTone 
marrow-denved DC (BM-DC) to analyze the exosomal production by mouse DC 

tll^ZT^ ^'^^'^ ?c ' "T"'""' '"^^"'^ multivesicular 

endosoraal compartments (Fig. 2, upper panel), which were occasionally observed in 
c ose aPPosiUon to the plasma membrane. This Lamp-l positive endosomal population 
stamed for MHC class 1 and II molecules by confocal imnnunofluorescence (dam no 
shown). Exosomes, harvested from Dl (Fig. 2, lower panel) or BM-DC suoernatantV 
expressed MHC class I. class 11 (Fig. 2. upper panel) anS cosLula^ry sigXoS 
a^, detecied by whole-mount electron microscopy and Wesrern blot (nor sliown) MHC 
class I and class II as well as CD86 and transferrin receptors (TfRs) were found on 
exosomes; the tluee latter markers were enriched in exosomes as compared with the cell 
ysaies^ In contrast, although detected in the cell lysales, H2.M, li chain and calnexin 
an endoplasmic reiiculum-specific marker) were imdetectable in the exosomal prepara- 
uons. Tlie size and morphology of immature mouse DC-derived exosomes were similar 
10 the size and morphology of those derived from human DC. 



EXOSOMES HAVE ALLOSTIMULATORY CAPACITIES AND ARE MHC 
CLASS l-RESTRICTED ANTIGEN PRESENTING VESICLES IN VITRO 

Allogeneic lymphocytes were capable of proliferating when cocultured with DC-derived 
exosomes m a day 5 m v,7rc thymidine incorporation assay. Their proliferation rate was 
50 times greater when whole irradiated DC were used as stimulators (not shown) 

To determine whether exosomes may directly stimulate a CD8+ cvtotoxic HI A A? 
restricu^d T cell clone (Duffour 1997). HLA-A2-positive humT mono ! 

denved DC were pulsed with MART-l/MeIanA,„_,,, peptides and exosomes were 
isolated from the cell ctilture supernatants. 

The MART-l/MelanA.puIsed DC-derived exosomes were capable of stimulaiina 
IFN-7 production of a MART-I/MelanA-specific HLA-A2-restricted CTL clon^ 
Ln2 in a dose-dependent manner. Exosomes produced by DC pulsed with a control 
peptide (gpl00(3j(,_2gg)) had no stimulatory effect on this clone. Thus MHC class 1 
molecules displayed at the surface of DC-derived exosomes are functional bui to a 
lesser extent than the cells from which they are secreted (Zitvogcl et ai, 1998). 
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compartments displaying internal membrane ve i S^ImW) Lower^^^^^^ 
scopy Of D1-deriv9d exosomes. The IODOOO5 pellets oK ed el 5 ff 
supematants are composed of sm,|| vesicles with diameter va-vlng fSS t^Mn^S 

TUMOR PEPTIDE-PULSED DC-DERIVED EXOSOMES INDUCE TUMOR GRnwVTH 
SUPPRESSION IN TUMOR-BEARING MICE ^^Omw 

Wc tested the capacity of these vesicles to induce T cell-mediated immune responses 
'7' ?n°r '"'^"""^^-denvcd DC cultured in IL-4 + GM-CSF (BM-DC) (Mayordomo 
er al., 1995; Ziivogel e: al, 1996). loaded with ^cid-eluled tumor peptides were 
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previously shown lo mediate specific anti-tumor immune responses. P8I5 is an immu 
nogenic but aggressive masLocytoma, syngeneic for DBA/2 (H-2''), for which very few 
effecuve immunotherapie., on day 10 established tumors have been reported Acid- 
eluled tumor (P815) peptides were pulsed onto syngeneic moust BM-DC as previously 
described Zitvogel er a!., 1996). Exosomes were prepared from the DC supernatants by 
differential ultracentnfugation and utilized for in vivo immunization 

As shown in Fig. 3A, therapy of day-lO established PSl 5 tumors (50-90 mm^ in size) 
was earned out using a single intradermal (i.d.) administration of 3-5 Mg of exosomes 
per mouse. Wnhm a week, tumor growth slopped in the groups receiving exosomes 
derived from autologous tumor peptide-pulsed DC and 40-60% mice were tumor free 
at day 60 (Fig. 3A). These animals had a long-lasting immune response and rejected 
a lethal tumor challenge with P815 but not with the syngeneic leukemia LPIO 
(not shown). Groups of mice immunized with exosomes derived from self splenic pep- 
tide-pulsed DC showed no effect on tumor growth as compared with control mice 
groups (Fig. 3A). Thus, P815 peptidc-pulsed DC-derived exosomes promoted tumor 
regression. 

Similar anti-tumor effects were achieved in the day 3-4 established TS/A tumor model 
These anti-tumor effects were not found in athymic Nu/Nu counterpans, indicating that 
T cells are required for the exosome-induced anli-tumor immune responses. In addition 
exosomes directly prime tumor-specific CTL responses in P815.bearing hosts Spleno- 
cyies from mice that rejected PSl 5 tumors following immunization with exosomes were 
harvested at day 90 and cultured for 5 days in the presence of irradiated BT.l-expressing 
P8] 5 cells to enhance specific precursor frequency. These effector cells were tested in a 4 h 
Cr-release assay against the autologous tumor cells P8 1 5 iH-2\ again.st the irrelevant 
leukemia (H-2 ) L1210, and against YAC cells. Significant specific lytic activity on 
P815 was achieved in splenocytes from exosome-immunized mice (not shown). Interest- 
ingly, none of the spleens from littermates spontaneously rejecting P815 or bearing 
growing PSl 5 tumors displayed cytolytic activity against P815 under the same con- 
ditions (not shown). Therefore, a single injection of exosomes derived from DC 
pulsed with the relevant peptides efficiently primed specific antitumor CTL responses 
in vivo. 



Exosomes Induce MHC-Restricted Response 

To determine whether exosome-induced immune responses are MHC restricted and not 
simply due to any direct effect of add-eluted tumor peptides, day-5 BM-DC derived 
from H-2'* (DBA/2) or H-2'' (C57BL/6) mice were pulsed in parallel with acid-eluted 
PSl 5 tumor peptides, Exosomes were then isolated and separately utilized for direci i.d. 
injection of DBA/2 mice bearing 6-IO-day established P815 tumors. Only the syngeneic 
tumor pepiide-bearing exosomes were potent tumor vaccines (with up to 60% tumor- 
free mice), whereas the allogeneic counterpans did not promote significant anli-tumor 
effects. These results suggest that these antigen-presenting vesicles induce MHC- 
re.stricted anti-tumor effects in vivo (Fig. 3 A). When ihc exosomes derived from 
BM-DCs (DBA/2) pulsed wilh the tumor-specific subdominant epitope PI A were 
injected i.d. to protect mice against subsequent challenge with P815, up to 75% of mice 
were efficiently capable of preventing the onset of the tumor, whereas contr6l peptide 
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Fig. 3. And-tumar effects following admimstrBtion of oxosomes derived from tumor peptide-pulsed 
BM-DC. (A) DBA/2 animals bearing 50-aOmm^ tumors were Immunized intradermally in the lower part of 
ipsilatara! flank with exosomes (3-5 |ifl/mouse) from BM-DC pulsed with acld-eluted P815 tumor 
peptides (DexH2MEP P815) or with acid-eluted DBA/2 spleen peptides (DexH2^-AEP Spleens) or with 
Bcid-eluted P8lS tumor peptides (DexH2*'-AEP P815I. Tumor sizes were monitored twice a week. The 
percentages of tumor-free mice at days 10 and BO are represented, five DBA/2 mice per group were 
vaccinated and two subsequent experiments were performed with similar results. (B) Exosomes derived 
from BM-DC DBA/2 pulsed with the subdominant P1A tumor epitope were injected Ld. 15 days prior to 
tumor challenge with a lethal dose of P81 5 tumor cells. Control groups were protected either with saline or 
wrth exosomes derived from BM-DC DBA/2pulsQd with the H2d-BGatQpitopeTPHPARIGLThB percentage 
of tumor-free mice at day 60 is represented as well as the Tumor growth over time, 

(BGal, H2d)-bearing exosomes were not efficient (Fig. 3B). Importantly, intravenous or 
i.d. adopiive therapy using 5-10 x 10^ immature BM-DC pulsed with acid-eluted 
tumor peptides was not as efficient as i.d. administration of exosomes derived from 
the same cells (Fig, 4) in curing mice. Similar results were achieved on established TS/A 
tumors in BALB/c Jinimals and on prophylaxis studies using ihc PI A tumor peptide 
(not shown). 
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Lt- ^? ^?'^ potent than immature dendritic cells, from which they derive, in eradicalinq 

er^bhshed tumon; m vivo. (A) DC (5 x 1D«) pulsed with either acid-eluted splenic peptides (AEP or 
m? o TZrlTT ^^'"'"^^f ejl i.v. or i.d. at days 8^10 following P815 Ld. establishment in 5 
mice In paralieL the supernatants of these cells were harvested following 18 h incubetiDn wrth splenic 
peptdes or PB 5 relevant peptdes, ultracentrifuged, and characterized for exosome production (DC 
exosomes, Dex) Up to 5 x 10*^ DC allow i.d. immLinization of 5 mice in the ipsilateral flank A sinple 
admmrstraton of exosome was performed at day 6-10. The mean tumor size at day 35 is deoicted * 

Zt^l" nL'^dtr' R^n?"'''^^^^^^ '''"^ ^'H""' ''"'^ Injection of saline or 

peptide-pulsBd DC. Representative data are shown among additional similar experiments (B) Similar 

P^f i'Jni?inJfofH^.r °f vvere injectad as prophylaxis, 15 days prior to tumor challenge with P815. 
PI A IS used mstead of acid-eluted tumor peptide in this setting. The mean tumor size at day h is depicted 
represents significant results at 95% using Rsher's exact method compared with injection of peptide^ 
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DISCUSSION 

Ultrastructural studies of the possible routes of ti-ansporl of lysosomal consLituents to 
U^e cell surface tn noi only B cells but also DC revealed that late endoso^a oTp 
StJ rt^^nir "'''"^ '^^'''^ ''^P'"^'^^ -tralun,;ual n^embrane vesicles can f c 
environment, 60-90 nm exosomes (Raposo. 1996; Raposo, 1997; Kleijmeer 199S) 

aTw^CTl n'S:; "^^""^^ bear'ut.c\ional'cl JCoS 

allow CTL pnmuig nyo and established tumor growth suppression in various mui ine 
experimental model systems (Zitvogel <>? a/., j 998) 

Even though exosomc release has been associated with clearance of transfen-in 
receptors, reticulocyte maturation and differentiation into an ervthrocne pathw "v 
(Bockxtneer 1979), the physiological relevance of exo^ome secret Cand Let In W 
Zr ' " of debate Our data imply an immunostimulato^y oTe of th ^ 

exosome release and show that immature mouse and human dendritic cell, sec ote 
exosoines m a regulated manner (unpublished data) that bear not only MHC class IT 

j;;^lolnt i^f ''1'' -stimulatory signal mlrul" and a 

immunogenic m tumor-beanng mice. 

fr ™ nei; ' ^' ^^^il^'r^^^Pf"^'"^ ^''^^^^^ of activating st,mul, 

?inS rf, ^ ^'^^ ''^'^^^ ultraccntrifugation a 

00000^ of the cul ure supematants. We characterised exosomes by morphological 
and biochemical cnteria. The membranes pelleted at 100 000^?. analyzed by immuno- 

tZ''A^J^^Trri='^T'''f ' l^^^^Sf.'^^O"-^ population of vesicles that resembled 
those dcscnbed for EBV-transformed B cells, labeUng for MHC class I, class IT, CDSS6 
and lysosomal-associated tetraspan molecules (Metzelaar, 1 991). Exosomes abundantly 
overexpressed MHC class 11. tetraspanins such as CD63/CD82, and CD86 molecules as 
compared with plasma membrane. Endoplasmic reticulum markers were not detected in ' 
western blotting using anti-calnexin anUbodies (Zitvogel et al, 1998). Exosome pre- 
parations were apparently devoid of retroviruses, plasma membrane shedding micro- 
some constituents or apoptotic bodies. Interestingly, we reproducibly reduced the 
amounts of vesicles secreted by inducing maturation of the mouse DC Dl line or 
BM-pC. as assessed by Bradford' assay, western blotting with MHC class I antibodies 
and immuno-electron microscopy (unpublished data). The basal secretion can be 
further and significantly enhanced by lowering the culture pH or incubating with 
by DC is re^^lated'""" '"^^'^'^'^^S exocytosis of antigen-presenting vesicles 

The striking observation is that immature DC, purportedly considered to be poor 
anugen-presentmg cells (Cella. 1997), are actually capable of secreting antigen-present- 
mg exosomes that account for efficient T cell priming in v/vo. Indeed, intradcnnal 
injection of a smglc dose of exosome derived from 3 x 10^ tumor pcptide-pulsed DC 
was associated with tumor growth suppression in established mammary or masiocv- 
toma tumor models. DC-derived exosomes are more effective in prophylaxis and ther- 
apy of niouse tumors than whole DC-based vaccines. Indeed, 2-5 ng of exosomes 

T'^lr ^^^ l ^ P"?,"^ "^'^ P^P''''^^ ^^^^ protective or curative 

than the DC themselves. Although not yet biochemically defined, exosomes bear high 
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DcTvslf -JJ",^ ^^*™^P^'^'^^' ^"^ co«tin,ulatory molecules compared with 

DC lysates. The hp.d composiiioii of ihese compartments may be differenVfrom 171^ 
a:ict~Er" racilitates their .... uptalceTd t'l".: ^ 

changes (surface markers, migration paihwayr^t? ^78. . / 
^^iiTU^^^..r^^ r u , *"&*tiLivij pLiLiiwayis, eic; can be anticipated followinp 
withdrawal from the culture medium (Bender, 199(5), in addition MHC cIar! 
mol^ules on mature DC seem to have a relatively shon half-Hfe compared u cl 
MMC class I molecules (Cella. 1997). However, further molecular characXation of 

T =rTf of their mechanisms rr^ eded rb.ner 
understand their in vivo efficacy. necaca to Dcitei 

The physiologi«.l role of DC-derived exosomes remains unclear. It is conceivable 
tha T-helper cytokmes are delivered to the DC upon arrival in the lymph node T eel 
ennched areas. Antigen-presenting vesicles would then be released to^^Xstcifi^^^ 
cell clonal expansion. Alternatively, other host APC could take up thesrexos?m7s tl 

TTiese data support the implementation of DC-derived exosomes for cancer immu 
notherapy as a novel dendritic cell-free therapeutic cancer vacdne Ld Tgge ^ Sat" 
rdTl^mpToLT"" ' "^^^"^ communication hetJln DC 



SUMMARY 



Dendntic cells (DC) are professional antigen-presenting cells having a unique ability to 

MHr H« Ti ^tigen-preseniing vesicles from endosomal 

MHC class Il-ennched compartments can be secreted by DC and induce potent T 
cell-mediated ant.-tumor immune responses in vivo. These vesicles, called 'exosomes" 
represent the internal vesicles of multivesicular endosomes. which are secreted following 

^7 I9Z Tv™'' r ^'^^ '"^^ membrane (Raposf 

c> a/., 996). hxosomes harvested from immature DC culture supematams by 
u t«centriftigat,on were characterized by immuno-electron microscopy and w tern 
bio ting. These vesicles harbor not only endosomal markers absent from the ceS 
surlace but also express high levels of major histocompatibility complex (MHC) class I 
c ass II. and costimulatory molecules. MHC class 1 molecule bearing exosomes 
stmiulatc anugen-specific CDS* T cell clones in vitro. Importantly. Inirader^a 
mjectiou of tumor peplide-pulsed DC-derived exosomes is capable of pri S 
speafic cytotoxic T-lymphocytes in vivo and suppressing growth of day 3-10 esLabhS 
munne tumors m a T cell-dependent and MHC-restricted manner. Cell free 
based exosome vaccines may be superior to dendritic cell adoptive therapy for 
controlling tumor growth. The anti-tumor effects of DC-derived exosomes support 
their implementation lor cancer immunotherapy and suggest thai exosomes represent 
a novel hposome-like- means of communication between cells of the immune 
system. uuuiuuc 
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